Upon comparing the formation energies of these defects, we find that V O would be the dominant intrinsic defect under both Zn-rich and O-rich conditions and it is a deep double donor. Both Zn O and Zn i are found to be shallow donors. The low formation energy of donor-type intrinsic defects could lead to difficulty in achieving p-type conductivity in ZnO. Defect complexes have charge transitions deep inside the band gap. The red, yellow, and green photoluminescence peaks of undoped samples can be assigned to some of the defect complexes considered. It is believed that the red luminescence originates from an electronic transition in V O , but we find that it can originate from the antisite Zn O defect. Charge density and electron-localization function analyses have been used to understand the effect of these defects on the ZnO lattice. The electronic structure of ZnO with intrinsic defects has been studied using density-of-states and electronic band structure plots. The acceptor levels introduced by V Zn are relatively localized, making it difficult to achieve p-type conductivity with sufficient hole mobility.
I. INTRODUCTION
Transparent conducting oxides are utilized for a wide range of applications, such as electrodes in thin film transistor, liquid crystal display 1 or the window layers for thin-film solar cells. 2 Although indium tin oxide is currently used in manufacturing, research for an immediate alternative to indium tin oxide is desirable because of the high cost and scarcity of indium. In recent years, zinc oxide (ZnO) has attracted more attention because the Zn element is relatively cheap and abundant. ZnO is a high-efficiency, low-voltage phosphor in the green range for vacuum fluorescent displays and field emission displays. 3 ZnO also attracts great attention due to its promising applications as ultraviolet light-emitting diodes, laser diodes, 4 and transparent thin-film transistors. 5 A basic understanding of the physical properties of ZnO is required for its use in technological applications. It is well known that properties of materials greatly depend on the defects present. It is widely accepted that defect luminescence in ZnO falls into three main bands in ZnO: a green luminescence (GL) band around 510 nm (2.431 eV), a yellow luminescence (YL) band around 570 nm (2.175 eV), and a red/orange luminescence band at 650 nm (1.907 eV).
Even though ZnO has received a lot of attention in recent years, experimental studies are inconclusive in pointing out the predominant defect type and the physical mechanisms behind the visible luminescence are still under controversy. For example, despite the many experimental observations of GL, its origin is still not understood. In general, two possible mechanisms for the green emission are considered:
(i) recombination of a shallowly trapped electron with a deeply trapped hole and (ii) recombination of a shallowly trapped hole with a deeply trapped electron. Due to the low formation energy, oxygen vacancies are abundant as donors and proposed to be the origin of GL in undoped ZnO. The 560-nm (2.214-eV) emission peak is attributed to the electron transition from the conduction band to the doubly ionized oxygen-vacancy defects (V 2+ O ) located 2.2 eV below the conduction-band edge. 6 Chichibu et al. 7 argued that certain point defect complexes associated with a zinc vacancy (V Zn ) are the dominant nonradiative centers. These defect complexes can lead to reductions of the band edge emission that are observed in both undoped and doped ZnO, and their origin is still an open question. Moreover, investigations on visible emissions are further complicated, as ZnO samples prepared by different techniques 8 exhibit different characteristics. In calculations one has the possibility to simulate systems without any defects as well as systems doped with desired impurities. Further theory has the additional degree of freedom that one can isolate various defects and defect complexes and study their stability and their role in optoelectronic properties. Extensive theoretical treatment of intrinsic defects has been carried out. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Especially, the role of oxygen vacancy in n-type conductivity of ZnO has been under intense focus. Calculation of the formation energy of different intrinsic defects was first done by Kohan et al., 9 who showed that V O is indeed a negative-U defect and has the lowest formation energy under Zn-rich conditions. As the band gap of ZnO is underestimated by density functional calculations, many 045206-1 1098-0121/2011/83(4)/045206 (12) ©2011 American Physical Society different correction schemes have been adapted by different authors. By correcting the local density approximation (LDA) band-gap error using an extrapolation scheme using the LDA + U method, Janotti and Van de Walle 18 have shown that V O is a deep donor, with the (2+/0) transition occurring at 1.0 eV below the conduction-band minimum (CBM). Paudel et al. 20 used an LDA + U d + U s scheme, whereas recent calculations 21, 22 based on hydrid functionals have reproduced the experimental band gap of ZnO and shown that V O is indeed a deep double donor.
Even though many theoretical studies are made on elementary point defects, studies on defect complexes are hitherto not available. Therefore, we have attempted to explore different types of defect complexes for the first time, employing density-functional calculations. The following point defects are considered: (1) oxygen vacancy (V O ), (2) 
II. COMPUTATIONAL DETAILS
First-principles calculations were performed using the projected augmented plane-wave 25 method as implemented in the Vienna ab initio simulation package. 26 We have performed calculations for supercells of sizes varying from 32 to 256 atoms. The defects are simulated by adding and/or removing constituent atoms to and/or from the supercell. We have tested the total energy convergence with respect to k points and plane-wave energy cutoff. For the sake of more accurate results we used a plane-wave energy cutoff of 550 eV. Brillouin-zone sampling was done in the Monkhorst-Pack scheme with a k-point mesh of 3 × 3 × 3 for smaller supercells and 2 × 2 × 2 for supercells with 192 and 256 atoms. Optimization of the atomic geometry was performed via a conjugate-gradient minimization of the total energy, using Hellmann-Feynman forces on the atoms and the stresses in the unit cell. During the simulations, atomic coordinates and axial ratios were allowed to relax for different volumes of the unit cell. Convergence minimum with respect to atomic relaxations was assumed to have been attained when the energy difference between two successive iterations was less than 10 −6 eV per unit cell and the forces acting on the atoms were less than 1 meVÅ −1 . For charged defects a jellium background charge was used. Exchange and correlation effects are treated under the generalized gradient approximation (GGA) 27 including the PerdewBurke-Ehrenkof (PBE) functional.
A. Defect formation energy
To find out the most abundant defect or defect complex, we have calculated the formation energy for all the aforementioned defect types. The ZnO crystal is assumed to be in equilibrium with a reservoir of Zn and O. The formation energy of a defect with charge q is given by
where E def tot is the total energy of the supercell containing a defect in the charge state q and E bulk tot is the total energy of the ideal supercell. We define the difference between E def tot and E bulk tot as the configuration energy E conf . E F is the Fermi energy and E V is the valence-band maximum (VBM) of the ideal crystal. n i indicates the number of atoms of type i that have been added to (n i > 0) or removed from (n i < 0) the supercell when the defect is created. The μ i are the corresponding chemical potentials of the defect species that determine the flow of atoms between the atomic reservoirs and the host crystal. 
The last term in Eq. (1) determines the energy required to remove (add) q electrons from (to) the defect to (from) the electron reservoir, that is, the Fermi energy of bulk ZnO. To understand the electronic behavior of defects, it is useful to examine the formation energy of defects as a function of Fermi energy E F . The E F is referenced to the VBM and varies from 0 to the band gap (E g ).
The energy required to change the charge state of a thusformed defect (defect transition energy) is defined as
where q and q are two different charge states of the defect. Owing to this transition, there are often transition levels induced in the band gap of semiconductors that correspond to the thermal ionization energies. 31 The experimental significance of such levels is that they imply the relative stability of a particular charge state (q or q ) corresponding to the Fermi level position (q/q ).
As the formation energy is calculated by using periodically repeated finite-sized supercells, artificial long-range elastic and electrostatic interactions between the periodic defect images can be introduced. However, when supercells of sufficiently large sizes are used, the interaction of the defect with the spurious periodic images and with the jellium background will become negligible. 32 Hence we used 192-atom supercells in most cases and, also, supercells with 256 atoms in some selected cases. Finite-size effects are taken into account in the formation energy calculations by considering the change in configuration energy (E conf = E def tot − E bulk tot ) and extrapolating to infinity.
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Makov and Payne 33 proposed that the total energy of a defect-containing supercell should scale as 1/L, where L is the linear length scale of the supercell. This is because the spurious monopole electrostatic term representing the interaction of the net charge of the point defect with the neutralizing background charge density is dominant. Paudel and Lambrecht 20 carefully analyzed the dependence of the total energy with respect to the radius of a sphere (R) whose volume is equal to that of the supercell. They found that relaxation and electrostatic effects appear to compensate each other to some extent and the results do not support a dominant 1/R behavior. As the range of treatable supercell sizes is too small, it is not clear whether a 1/R or 1/R 3 behavior provides a better fit. The calculated band gap (E g ) of 0.9 eV is considerably smaller than the experimental value of 3.24 eV at room temperature. In particular, as the defect formation energies depend on E F , they can be severely affected by the underestimation of E g . Therefore, several correction schemes have been reported by many authors such as an extrapolation scheme 9 and correction by the LDA + U method. 11, 34 The influence of different band-gap correction schemes on the formation energy of defects was analyzed elaborately in Refs. 23 and 24. In contrast, Oba et al. 10 did not use any corrections since the relative values of the formation energies remain quantitatively identical for the entire Fermi energy range. We have adapted a correction method proposed by Lany and Zunger, 12 in which the VBM is shifted downward by an amount (equivalent to the downward shift of the VBM obtained from the GGA + U q calculation), and the is shifted by the remaining band-gap error as given in the following.
The well-known LDA band-gap error is corrected by acknowledging that the Zn-d states are too shallow because of their strong self-interaction. It has been shown earlier 35 that the E g value and the position of the Zn-3d band can be significantly improved by using an LDA + U calculation with a U value of 10 and J = 0 eV. The Zn-3d states exist at −5 eV from the VBM in the usual LDA calculations. Owing to the inclusion of correlation effects, they are pushed down to −7.5 eV from the VBM, whereas the experimental photoemission spectra 36, 37 point to this state's being in the range of −8.5 to −8.8 eV. This d-band lowering weakens the repulsion of d states with oxygen-p orbitals and lowers the energy of the VBM. Thus the E g value increases to 1.84 eV in the present GGA + U calculation, compared to 0.90 eV from the usual GGA calculation. We determine the correction E V for the energy of the VBM as the difference in the VBM of a pure host obtained from the GGA + U versus the GGA, measured with respect to the anion-s-like 1 state. Thus E V in Eq. (1) is corrected by E V = −1.06 eV and the remaining discrepancy in the E g value ( E c ) is taken care of by performing a scissor operation (i.e., shifting the CBM upward equivalent to the experimental band gap).
In line with Refs. 12 and 13, for defects that introduce electrons in perturbed host states, like shallow donors, a correction n E c is applied to the formation energy when the perturbed host state is occupied by n electrons, because the donor perturbed host state is assumed to shift along with the host CBM during band-gap correction. This procedure is adapted for Zn i and Zn O , which are found to be shallow donors among the different types of defects considered in the present study. In contrast, for defects that introduce localized levels in the band gap, no such corrections are included because the localized levels are not expected to follow the band edges during band-gap correction. We use the GGA + U scheme only to obtain the correction for the host band edges.
III. RESULTS AND DISCUSSION
First, we consider the structural properties of pure ZnO. Even though ZnO mostly crystallizes in hexagonal wurtzitetype structures, it can also be stabilized in the cubic zincblend structure by epitaxial growth of ZnO on suitable cubic substrates. 38 Therefore, we have performed complete structural optimization in both structural variants and found that the wurtzite-type hexagonal structure is slightly lower in energy. Hence we considered the wurtzite-type structure for studying various defects. However, for V O alone we performed the calculations in zinc-blend structures also (discussed later). As these two structure types are energetically close, the results obtained from the present study can also be used to understand the zinc-blend-type structure.
The optimized lattice parameters for pure ZnO are a noted that it is not clear whether the formation energy should be scaled with the inverse of length or volume of the supercells. However, the inverse volume scaling does not introduce extra fitting parameters, and extrapolated values do not differ much from those of the largest cells. As this scaling also allows us to extract the energies of formation in the dilute limit, this method has been adapted.
The calculated formation energy of V O in different charge states as a function of the inverse volume is shown in Fig. 1 To avoid this, they were placed about 6.5Å apart. As the formation energy of V O for the 192-atom supercell does not differ much from the extrapolated value, the uncertainty involved in this procedure is considered to be negligible.
The formation energies of the isolated point defects under the limiting chemical potentials of Zn-rich and O-rich conditions at the VBM are listed in Table. 
A. Zn-rich conditions
Since the formation energies of charged defects depend on the Fermi level position, they are given as a function of E F under Zn-rich [ Fig. 2(a) ] and O-rich [ Fig. 2(b) ] conditions. Kinks in the curves correspond to transitions between different charge states of a particular defect, which can be applied to estimate positions of defect levels within the band gap.
As the E g value almost doubles in the GGA + U calculation, the energetics of defect formation also vary considerably, especially the relative stability of the higher defect charge states. While the uncorrected formation energies indicate that V O is the dominant defect among all those considered, 045206-4 O is experimentally confirmed by optical detection of electron paramagnetic resonance spectroscopy. 64 As our calculated values for formation energy and transition levels are in good agreement with a previous study 21 that reproduced the experimental value of E g , the same procedure is used to understand the effect of other defects.
The 4+ to 3+ transition of Zn O occurs at 1.9 eV below the CBM (explained in the next section) and the subsequent 3+ → 2+, 2+ → 1+, and 1+ → 0 transitions occur at 0.77, 0.06, and 0.05 eV from the CBM. Especially, the 2+ to 1+/0 transition occurring close to 0.05 eV below the CBM classifies this defect as a shallow donor and one of the dominant contributors to n-type conductivity in ZnO. The 2+ to 1+ transition of Zn i occurs at 0.16 eV below the CBM, and the 1+ to 0 transition of Zn i occurs 0.05 eV below the CBM. Since both Zn O and Zn i have charge state transitions close to the CBM, it is obvious that these two defects are shallow donors, in agreement with previous studies, and main contributors to n-type conductivity under extremely pure conditions. However, these defects have a higher formation energy than the V 0 O state. Hence these defects may donate electrons in 4+ has the lowest energy (0.4 eV) under p-type conditions (E F close to the VBM). Interestingly the 1+ to 0 transition of this defect complex takes place at 0.6 eV below the CBM despite being a high-energy transition at 6.6 eV. A level at 0.32 eV below the CBM has been observed in earlier 44 as well as recent 42, 43 reports and has been attributed to an oxygen-vacancy complex. Moreover, dielectric loss peaks have been observed 61 in single-crystal ZnO with an activation energy of 0.36 eV, and V O is believed to cause the peak. The binding energy of the (V O + Zn i )-far complex calculated from the formation energy with E F at the VBM, shows a negative value. However, the attractive interaction between V O and Zn i in the (V O + Zn i ) complex is suggested 62 to lead to n-type conductivity in ZnO. It may be noted that in Ref. 62 , the charge state of this complex is assumed to be 2+ and the Fermi level is fixed at the deep donor level of V O . Hence the stability of this complex studied as a function of the separation between the defects for different charge states, including complete structural relaxation, may shed more light on the stability and defect levels of this complex.
The simultaneous presence of V O and V Zn (V O + V Zn ) is considered in two variants, that is, nearest-neighbor vacant sites (Type I) and vacant sites 4.57Å apart (Type II). Of these two variants, the Type I complex has the lower formation energy. All the defect complexes, except (V O + Zn i ), have a positive binding energy (0.8 to 0.95 eV at the VBM). The charge transitions of these defect complexes are deep, within 1-2 eV above the VBM. The antisite pair (O Zn + Zn O ) is slightly higher in energy (7.26 eV) than O i in the neutral state and has 0 to 1− and 1− to 2− transitions occurring at 1.81 and 1.38 eV below the CBM, respectively. In fact, among the defect complexes considered, only the antisite-pair complex has an acceptor-type character at the CBM and could contribute to compensating the n-type carriers. Oxygen at a Zn site (O Zn ) has the highest energy of formation among all the defects considered and is also seen to be a deep acceptor under Zn-rich conditions.
B. O-rich conditions
Similar to that under Zn-rich conditions, the role of bandgap correction is also significant for defect formation energies under oxygen-rich conditions. Even though V Zn has a high formation energy (1.83 eV) close to the VBM, its formation energy decreases when the Fermi level increases, as expected for acceptor-type defects. However, the (0/2−) charge transition occurs deep inside the band gap (at 1.81 eV above E VBM ) as found by photoluminescence study. 69 Hence V Zn acts as a compensating center under 
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n-type conditions rather than as a shallow acceptor. Figure 2(b) shows that the V Zn is the dominant defect for most of the Fermi energies considered. This finding is in agreement with earlier theoretical studies. 16, 18, 21 Using positron annihilation spectroscopy, Tuomisto et al. 65 (Fig. 2) . But these defects have high formation energies under O-rich conditions. Even though charge transitions of these defects occur close to the CBM, n-type conductivity cannot be readily attributed to them under ambient conditions due to their high formation energies. However, the defect complexes (V O + V Zn ), (V O + O i ), and (V Zn + Zn i ) have the same energy of formation under both Zn-rich and O-rich conditions. Moreover, all these defect complexes have charge transitions occurring inside the band gap and do not give rise to shallow states.
C. Origin of luminescence
The calculated charge transition energy according to Eq. (2) corresponds to a position of the zero-phonon line in the case of defect-related photoluminescence or photoluminescence excitation and is close to the thermal ionization energy in experiments such as photoluminescence and deep-level transient spectroscopy. 45 Based on this concept, attempts have been made to explain GL in ZnO 9 and YL in GaN. 46 The optical transitions have also been extracted 12, 47 from the formation energy of defects in specific charge states by fixing the atomic configuration of the initial charge state according to the Frank-Condon principle.
The exciton structure in ZnO should involve a relatively localized hole state and a rather delocalized electron. 48 Upon interaction with a defect, a process of recombination of the localized electron of the defect with a hole component of the exciton could occur. For such a process, the luminescence is expected to be characterized by energies close to the calculated defect levels. On the contrary, upon ionization of the defect (loss of an electron to the conduction band), the electron component of the exciton could recombine with a hole, which is now localized on the defect. In this case, there will be some reduction in the emission energy compared to the ionization energy (Stokes shift). The optical transition energy is the summation of ionization energy and atomic relaxation energy. The optical transition is shown to be close to the thermodynamic transition energy when the atomic relaxation energy is low. 49 As the considered defect complexes are possible candidates for the luminescence peaks in the visible range of undoped ZnO samples, they are considered in detail (Fig. 3) . We performed structural relaxation of a defect complex in a specific charge state, say, q with the initial atomic configuration of charge state q + 1. The atomic relaxation energy for the defect complexes considered in this study is calculated to be in the range of 0.07-0.12 eV. As the relaxation energies are relatively low, the calculated thermodynamic transition levels can be qualitatively used to understand the different luminescence peaks observed in ZnO.
The 4+ to 3+ transition of Zn O occurs at 1.9 eV below the CBM. Hence the red/orange photoluminescence band at 1.902 eV may be attributed to this transition. Interestingly, the red/orange coloration has been shown 50, 51 for as-prepared samples and those annealed under Zn vapor. The samples become transparent upon annealing under O vapor and the red coloration is reversible. As the formation energy of Zn O in the 4+ state is negative (Fig. 4) , it can readily form under Zn-rich conditions, and the 4+ to 3+ transition can take place under ambient conditions. In contrast, the formation energy of Zn O under O-rich conditions is higher than that of other defects considered. Hence the attribution of red color to the 4+ to 3+ transition of Zn O under Zn-rich conditions is reasonable.
The orange luminescence of ZnO can be attributed to the 1+ to 0 transition (2.1 eV below the CBM) of the (V Zn + Zn i ) and (V O + V Zn )-II complexes, even though these complexes require more formation energy compared to the (V O + V Zn )-I complex.
YL is also observed in ZnO and it has been observed in undoped samples as well as samples doped with Al, H, Li, and N. 8 The YL is commonly attributed to a defect state involving Zn vacancies. In photoluminescence spectra of Ga-doped ZnO layers, a dramatic decrease in the YL band intensity was observed, 52 where Ga substitutes for Zn in ZnO, so that the concentration of V Zn is reduced. Stable complexes of V Zn can be expected in ZnO similar to the V Ga -related complexes in GaN. 53 In particular, V Zn is likely to form stable complexes with shallow donors in ZnO 54 and such a complex is cited as a possible reason for YL. However, the defect complex of V Zn together with the shallow donor Zn i (V Zn + Zn i ) is a possible candidate for the orange luminescence as already mentioned.
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The intensity of YL observed in a ZnO sample prepared by rf magnetron sputtering increases as n-type conductivity decreases 60 and deep acceptor-like defects are noted as the reason for YL. Our results suggest that the 1+ to 0 transition of the (V O + V Zn )-I defect complex occurs at 2.2 eV below the CBM, which can cause the YL. It can be recalled that V Zn rather acts as a compensating center. So when a complex between V O and V Zn is formed, it can lead to YL and reduce the n-type conductivity.
The often observed GL in ZnO is a subject of major controversy. The origin of GL has been attributed to various sources, such as V O , V Zn , donor-acceptor complex 70 , and copper impurities(see, e.g., Ref. 59 and references therein). A hydrothermally grown ZnO single-crystal sample was shown to exhibit deep band emission at ca. 2.55 eV when annealed under Zn-rich conditions and high temperature, suggesting V O to be the origin of GL. 55 An undoped ZnO sample also exhibited 56 GL under O-poor (Zn-rich) conditions and V O is cited as the possible origin. As our calculations show charge transition of the (V O + V Zn )-I complex from the 2+ to the 1+ state occurring at ca. 2.51 eV from the CBM, it could be the more appropriate origin of GL rather than V O alone.
Moreover, Heo et al. 59 suggested that a transition from donor to deep acceptor (V Zn ) caused GL in ZnO films grown by molecular beam epitaxy. A time-resolved photoluminescence study 58 using pulsed laser excitation on a ZnO sample (not intentionally doped with any impurities) found the GL peak and suggested an intrinsic donor-acceptor pair complex as the possible reason for this peak based on the correlation between electron paramagnetic resonance and photoluminescence measurements. Especially, Ref. 58 suggests that the (V O + V Zn ) complex in a specific charge state undergoes direct transition and emits light. Moreover, it is noted that the concentration of this complex would be lower than that of separate oxygen vacancies. As our energetics study indicates, the formation energy of the (V O + V Zn ) complex is higher than that of V O , the former would have a lower concentration under ambient conditions. It can be noted that GL is observed only upon excitation with a laser source with photon energies above E g , in agreement with our study. Moreover, the samples that exhibited GL were found to be highly porous. 56 The optimized volume of the neutral (V O + V Zn ) complex is 0.72% greater than that of the pure system, indicating more porosity. In addition, the GL is observed in oxygen-deficient, polycrystalline ZnO films grown by metal-organic chemical vapor deposition. As V O is a deep-level donor, the transition between V O and V Zn donor-acceptor pairs is suggested 57 to cause GL. Based on the preceding arguments, we conclude that the (V O + V Zn )-I complex could be the principal origin of GL in undoped ZnO.
In Ref. 58 a shift from a GL to a blue luminescence peak is observed when the intensity of the incident laser pulse is increased. In Fig. 2 the charge transitions (0 to 1− and 1− to 2−) at O Zn can be seen to take place at ca. 2.5 eV from the CBM. Even though the formation energy of this defect is very high, the origin of blue luminescence may be assigned to these transitions because blue luminescence is observed only under a high-intensity laser pulse.
Since the defect formation energy is different under different growth conditions, various visible luminescence is observed in ZnO. In oxygen-rich samples orange luminescence has been observed, 56 while GL appears mainly in Zn-rich samples. The YL is observed 55 
D. Effect of oxygen vacancy on the lattice
As V O is found to be dominant under both Zn-rich and O-rich conditions, the effect of this defect on crystal and electronic structures is discussed in some detail here. To understand the effect of V O on the ZnO lattice, in Fig. 5 we show the charge density of pure ZnO and that with V O in different charge states. Even though ionic bonding usually prevails for wide-band-gap semiconductors like ZnO, significant charge density contours can be seen between the Zn and the O atoms. In addition, the directional character of these contours implies a considerable covalent character of the bonding between Zn and O atoms. When one oxygen atom is removed, the surrounding Zn atoms have dangling bonds, the nearest-neighbor Zn atoms are relaxed toward the neutral vacancy site, and their bond lengths change by about 1%-3%. The volume of the cell decreases by 0.4% due to this inward relaxation of the Zn atoms. Zn atoms. The electron-localization function 66 (which is a measure of the paired electron distribution) shows a maximum value at the vacancy site, also indicating presence of electrons at the vacancy site.
When the oxygen vacancy becomes singly charged (V 1+ O ), the surrounding Zn atoms are repelled out and they relax outward. Therefore, the bond lengths of neighboring atoms undergo some 2%-7% change. Figure 5 (c) shows some localized charge at the vacancy site. Moreover, an increase in the covalent interaction between the surrounding Zn atoms and their neighboring oxygen atoms is revealed from the dense charge density contours between them due to the reduction in their bond distances. There is a slight increase (0.1%) in the volume of the cell. Owing to the doubly charged oxygen vacancy (V 2+ O ), the first nearest-neighbor Zn atoms are further relaxed outward [ Fig. 5(d) ] and the bond lengths are changed by 2%-9%. The Zn-O bond length along the ab plane is reduced (1.91Å) compared to that in the pure system (1.97Å). Thus the covalent interaction between these atoms is increased and the cell volume decreases by 0.4 %, similar to the case with neutral V O . This decrease in volume is similar to the decrease in the calculated 17 formation volume of neutral and 2+ charged V O compared to that of 1+ charged V O . The stronger covalent bond and reduced volume could be one of the reasons for the abundance of V O under both Zn-rich and O-rich conditions.
To understand the effect of defects on the electronic structure of ZnO, we calculated the electronic band structure of ZnO using the full-potential linearized augmented plane-wave method as implemented in the Wien2K code. 67 We used a 72-atom supercell with 62 k points in the irreducible Brillouin zone. Other computational parameters used are similar to those in our previous work. 68 The band structure of pure ZnO shows an underestimated band gap of 0.78 eV and a direct gap at the point. The number of bands is more due to the large number of atoms in the cell, thus making characterization of the bands difficult. Therefore density-of-states plots were also used for these analyses. In pure ZnO the VBM consists mainly of Zn-3d and O-2p bands [ Fig. 6(a) ]. As these orbitals are energetically degenerate, they hybridize, leading to dispersion of bands. The Zn s and p and O s electrons are also present in the energy range from −6 to −1 eV, but in negligible quantities. A broad band seen at the CBM arises due to sp hybridizatio.
In the case of the system with one neutral V O , a very well-localized band at the top of the valence band is formed, resulting from the electrons contributed by the surrounding Zn atoms that are localized at the V O , respectively), which may be caused by the interaction among the vacancies repeated under three-dimensional periodic boundary conditions. A band-structure calculation 10 has found a similar dispersion of localized states for neutral vacancy, which is found to be decreased upon increasing the supercell size. A recent band-structure calculation 21 for the 192-atom cell using the HSE0 functional obtained a band dispersion of ca. 0.7 eV along the same -K direction for the system with V 2+ O . This implies that the dispersion of the defect level arises due to the computational treatment. The character of unoccupied bands for the system with V 2+ O is similar to that for the pure ZnO system. As Zn i is found to be a shallow donor, we investigated the band structure for this defect in the charge states considered (not shown). The defect level introduced by Zn i is partially occupied for neutral and +1 charge states and unoccupied in the 2+ state. The defect level has band dispersion features similar to the bottom-most conduction band of pure ZnO. Moreover, the character of this level is similar to that found for the V 2+ O case. Since V Zn becomes a dominant defect under O-rich conditions, we studied the band structure related to this defect also. Some acceptor defect levels are created above the VBM. However, these levels are not as dispersive as the donor levels found for the cases of V 2+ O and Zn i . The somewhat localized character of these acceptor levels increases the carrier effective mass, making it difficult to obtain p-type ZnO with a high hole mobility when V Zn is present.
IV. CONCLUSIONS
First-principles calculations have been performed based on density functional theory to understand the effect of intrinsic defects in ZnO. We have considered point defects as well as intrinsic defect complexes. Complete structural optimizations of sufficiently large supercells with the considered defects were undertaken. The formation energy was calculated by extrapolation of the configuration energy with respect to the inverse of volume. Oxygen vacancy is found to be the dominant defect under Zn-rich conditions and also under O-rich conditions when E F E V + 1.0 eV, and it is found to be a deep donor. The charge transition from 2+ to 0 takes place at 1.4 eV below the E C and it exhibits a negative-U behavior, in agreement with recent hybrid functional calculations.
Among the considered intrinsic defects, Zn-interstitial and Zn-antisite defects are found to be shallow donors, however, with formation energies higher than that of V O . Even though V Zn has a lower formation energy at most Fermi energy values under O-rich conditions, the acceptor levels introduced by V Zn and O Zn are deep in the band gap. Both V Zn and O Zn instead act as compensating centers. Moreover, the holes give rise to narrow states in the VBM, leading to a high carrier effective mass. Hence it is difficult to achieve p-type conductivity only by intrinsic defects and their complexes.
The defect levels arising from the intrinsic defect complexes considered are present deep in the band gap and they can be responsible for the observed luminescence peaks in ZnO prepared under various conditions. The origins of some of the luminescence peaks are explored and the often observed GL may result from the (V O + V Zn ) defect complex. The red/orange luminescence found in Zn-rich samples can arise from the Zn O defect. YL may be caused by the (V O + V Zn ) defect complex in Zn-rich and O-rich samples.
By performing charge density analysis and plotting the electronic band structure, we found that the formation of stronger covalent bonds between Zn and O atoms surrounding the doubly charged oxygen vacancy could promote the presence of V O under Zn-rich and O-rich synthesis conditions when the Fermi energy is closer to the valence-band maximum. This could account for the nonstoichiometry frequently observed in ZnO. The n-type conductivity in ZnO can arise from Zn i and Zn O under nonequilibrium conditions like irradiation, and the coloration and photoluminescence peaks can arise from the intrinsic defect complexes.
